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An electron-emitting element comprises a dia- 


the diamond protrusion formed by growth has a sharply 



mond substrate, and a diamond protrusion grown on a pointed tip portion, it can fully emit electrons. Preferably, 

surface of the diamond substrate so as to have a pointed the surface of the diamond substrate is a {1 00} face, and 
portion in a form capable of emitting an electron. Since the diamond protrusion is surrounded by {111} faces. 
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Description 

BACKGROUND OF THE INVENTION 
Field of the invention 

The present invention relates to an electron -emit- 
ting element, a method of making the same, and an elec- 
tronic device such as field-emission display (FED), field- 
emission microscope (FEM), or the like which uses an 
electron-emitting element. 

Related Background Art 

With the recent advance in minute processing in 
semiconductor technology, the field of vacuum microe- 
lectronics has been rapidly developing. 

Consequently, as an electronic device for the next 
generation having a function of displaying or the like, the 
field-emission display (FED) has come into expectation. 
It is due to the fact that, unlike the conventional CRT 
displays, the FED has two-dimensionally arranged 
minute electrodes which function as field-emission type 
electron-emitting elements, so that it is unnecessary to 
deflect and converge the electrons in principle, whereby 
the display can be easily made thinner or flatter. 

As a material used tor such a minute electrode, dia- 
mond has recently been noticed. It is due to the fact that 
diamond has a very advantageous characteristic as an 
electron-emitting device, i.e., its electron affinity is neg- 
ative. Accordingly, when diamond is pointed and em- 
ployed as a minute electrode, it can emit electrons at a 
low voltage. 

As a method of making pointed diamond, the follow- 
ing methods have been reported. For example, Japa- 
nese Patent Application Laid-Open No. 7-94077 dis- 
closes that, when a partially masked diamond substrate 
is etched, pointed diamond projecting from the substrate 
surface can be obtained. Also, NEW DIAMOND, 39, vol. 
11 , No. 4, pp. 24-25 (1995), reports that an isolated par- 
ticle of diamond having a pointed form with no grain 
boundary is obtained as being oriented to (111) surface 
on a Cu substrate. 

SUMMARY OF THE INVENTION 

The conventional electron -emitting elements, how- 
ever, have not been capable of sufficiently emitting elec- 
trons. In view of such a problem, it is an object of the 
present invention to provide an electron-emitting ele- 
ment which can sufficiently emit electrons, a method of 
making the same, and an electronic device. 

In order to overcome the above-mentioned prob- 
lem, the inventors have first taken account of single- 
crystal diamond with no grain boundary. There are many 
crystal morphologies in single-crystal diamond. Figs. IA 
to 1 E are perspective views respectively showing typical 
morphologies of single-crystal diamond. As clearly 
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shown in Figs. 1 A to 1 E, each of single-crystal diamonds 
1 to 5 is pointed at a part surrounded by crystal faces. 
This part contains only one carbon atom. Here, the 
pointing reaches its limit at a microscopic atomic level 

s as observed by an electron microscope or the like. In 
the diamonds 1 , 3, and 5 in particular, the radius of cur- 
vature of the pointed part is very small. 

Meanwhile, diamond belongs to the cubic system; 
and the pointed parts shown in Figs. 1 A, 1C, and IE are 

io respectively positioned in the directions of crystal orien- 
tations <111 >, <110>, and <100>. Also, these directions 
are respectively perpendicular to faces with face indices 
of {111}, {110}, and {I00}. Here, the crystal orientation 
refers to a direction inherent in a crystal indicated by a 

15 face index with reference to a crystallographic axis 
which is a coordinate axis of three ridges intersecting at 
a common point of a unit lattice; whereas the face index 
refers to a reciprocal of the value obtained when the dis- 
tance from the common point to a point where the face 

20 intersects with the crystallographic axis is divided by a 
unit length of the crystallographic axis. 

Accordingly, when such single-crystal diamond 1 , 
3, or 5 is integrally formed by homo-epitaxial growth or 
the like at a desired position on a matrix having such a 

25 face index, it is pointed perpendicularly above the matrix 
at an atomic level, thereby overcoming the above-men- 
tioned problem. Therefore, by taking this point into ac- 
count, the inventors have attained the following inven- 
tion. 

30 Namely, the electron-emitting element in accord- 
ance with the present invention comprises a diamond 
substrate, and a diamond protrusion grown on a surface 
of the diamond substrate so as to have a pointed portion 
in a form capable of emitting an electron. The diamond 

35 protrusion formed by growth has a sharply pointed tip 
portion, thereby being capable of sufficiently emitting 
electrons. 

Preferably, the surface of the diamond substrate is 
a {100} face, and the diamond protrusion is surrounded 

40 by {1 1 1 } faces. Alte rnatively, while the surface of the dia- 
mond substrate is a {110} face, the diamond protrusion 
may be surrounded by {111} and {100} faces. Also, the 
surface of the diamond substrate may be a {111} face, 
with the diamond protrusion being surrounded by {100} 

45 faces. 

Each diamond protrusion of such a diamond mem- 
ber, i.e., protruded portion, is surrounded by its inherent 
crystal faces governed by the symmetric property of the 
crystal structure of diamond, thereby exhibiting so- 
so called automorphism. In this case, electric and mechan- 
ic characteristics and the like of the protruded portion 
are those inherent in the single-crystal diamond. Also, 
the protruded portion is pointed at an atomic level and 
has a shape determined by the face index of the sub- 
55 strate surface. Further, the surface of the protruded por- 
tion is very stable in terms of energy Thus, a diamond 
member with a uniform quality can be easily obtained. 
On the other hand, as mentioned above, diamond 
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is a material having a negative electron affinity and is 
excellent in terms of electron -emitting characteristic. Ac- 
cordingly, when its protrusion tip is not completely point- 
ed, i.e., a minute area of plane or ridge line is left at the 
tip, it can be expected to become effective in increasing 
the current of emitted electrons. Namely, as the form of 
the diamond protrusion that can sufficiently emit elec- 
trons, the following can be noted. 

First, the diamond protrusion preferably has a quad- 
rangular pyramid portion exposing its tip part. In partic- 
ular, when a (1 00) diamond substrate is used, a truncat- 
ed quadrangular pyramid portion is spread on the skirt 
side of the quadrangular pyramid portion. Specifically, 
this diamond protrusion has a truncated quadrangular 
pyramid portion whose upper and bottom surfaces are 
respectively continuous with the bottom surface of the 
quadrangular pyramid portion and the surface of the dia- 
mond substrate, while the angle formed between a side 
ridge line of the truncated quadrangular pyramid portion 
and the surface of the diamond substrate is smaller than 
the angle formed between a side ridge line of the quad- 
rangular pyramid portion and the surface of the diamond 
substrate. 

The diamond protrusion may have a truncated 
quadrangular pyramid portion exposing the upper sur- 
face thereof. 

The diamond protrusion may have a form surround- 
ed by a first ridge line in parallel to the substrate surface, 
second and third ridge lines extending so as to spread 
from one end of the first ridge line toward the surface, 
and fourth and fifth ridge lines extending so as to spread 
from the other end of the first ridge line toward the sur- 
face. 

In order for the diamond substrate to match the dia- 
mond protrusion in terms of lattice, the diamond sub- 
strate is preferably single-crystal diamond. It is due to 
the fact that crystal defects consequently become hard 
to be introduced into the protrusion, whereby quality is 
kept from deteriorating. As the diamond substrate, poly- 
crystal diamond can also be used. 

The method of making an electron-emitting element 
in accordance with the present invention comprises: (a) 
a step of preparing a diamond substrate; (b) a step of 
forming a seed projection on a surface of the diamond 
substrate by diamond; and (c) a step of forming a dia- 
mond protrusion by epitaxially growing diamond at the 
seed projection, preferably by vapor-phase synthesis 
using the seed projection as a nucleus. 

As the nucleus of crystal growth is thus intentionally 
disposed as the seed projection on the substrate, the 
position at which the protruded portion is to be integrally 
formed on the surface of the substrate can be definitely 
determined, whereby the electron-emitting element 
made of a diamond member can be made easily. 

In order lor diamond of the protruded portion to epi- 
taxially grow on a surface in a favorable manner, the sur- 
face is preferably selected from the group consisting of 
{100}, {110}, and {111} faces. 



In order to match diamond of the seed projection 
with the substrate in terms of lattice so as to restrain 
crystal defects from being introduced, the substrate is 
preferably made of single-crystal diamond or polycrystal 
s diamond. As a result, crystal defects are kept from prop- 
agating to the protruded portion formed at the seed pro- 
jection, whereby the quality of the diamond member can 
be prevented from deteriorating. 

When the surface is a {100} face, the growth rate 
io ratio is preferably set to V3 or greater. When the surface 
is a (111) face, the growth rate ratio is preferably set to 
1/V3 or lower. When the surface is a {110} face, the 
growth rate ratio is preferably set to (V3)/2. 

In the case where the ratio of the growth rate of dia- 
15 mond epitaxially grown at the seed projection in the 
<111> direction to that in the <100> direction is thus 
changed, the protruded portion can be favorably point- 
ed. The above-mentioned values are based on the fact 
that the crystal structure of diamond belongs to the cubic 
20 system in which the ratio of the lattice spacing in {111} 
face to the lattice spacing in {100} face is V3. 

Preferably, the above-mentioned step (b) compris- 
es: a step of forming a mask on a part of the surface of 
the diamond substrate where the seed projection is to 
25 be formed; a step of etching a part of the surface of the 
diamond substrate where the mask is not formed; and 
a step of removing the mask after the etching. As a re- 
sult, the seed projection can be formed at a desired po- 
sition of the substrate surface. 
so Alternatively, the above-mentioned step (b) may 
comprise: a step of forming a mask so as to expose only 
a part of the surface of the substrate where the seed 
projection is to be formed, a step of epitaxially growing 
diamond by vapor-phase synthesis at the part of the sur- 
35 face of the diamond substrate where the seed projection 
is to be formed, and a step of removing the mask after 
the epitaxial growth. 

When the height of the seed projection is too much, 
abnormal growth may occur from its side face. When 
40 the diameter of the seed projection is too much, it may 
take a very long time for pointing the protruded portion. 
Consequently, in the case where the surface is a {110} 
face, for example, the automorphism of {110} face may 
not appear at the protruded portion, thereby disadvan- 
45 tageously roughening the substrate surface. Thus, it is 
preferred that the seed projection be formed like sub- 
stantially a circular cylinder having a height of 1 to 100 
u,m and a diameter of 0.5 to 10 |im. When the seed pro- 
jection has such a size, without generating abnormal 
50 growth, the time required for pointing the protruded por- 
tion can be reduced, whereby the protruded portion can 
be favorably pointed. In particular, when the seed pro- 
jection is formed like substantially a circular cylinder 
having a height of 2 to 10 urn and a diameter of 0.5 to 
55 1 o urn, the protruded portion can be pointed more prom- 
inently, so as to be efficiently applicable to the electronic 
device explained later. 

In other words, it is preferred that the mask have an 
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opening within which the seed projection is to be formed, 
with the diameter of the opening being set such that the 
diameter of the seed projection becomes 0.5 to 1 0 u.m. 
The above-mentioned etching or epitaxial growth is 
preferably performed till the height of the seed projection 
becomes 1 to 100 ujm or more preferably 2 to lOfim. 

The electronic device in accordance with the 
present invention comprises a vacuum envelope within 
which the electron-emitting element is disposed, and an 
electron -drawing electrode disposed within the vacuum 
envelope, in which a voltage is applicable between the 
electron-drawing electrode and the electron-emitting el- 
ement. 

As mentioned above, automorphism appears at the 
diamond protrusion of the electron-emitting element 
made of a diamond member, whereby the diamond pro- 
trusion is pointed at an atomic level. Such a protruded 
portion has a form which is quite advantageous to field 
emission. Also, the protruded portion is integrally 
formed with the substrate, thus yielding no interface 
therebetween which may cause contact resistance or 
the like. Accordingly, the voltage applied to a control 
electrode in order to draw electrons from the protruded 
portion can be reduced. 

The present invention will become more fully under- 
stood from the detailed description given hereinbelow 
and the accompanying drawings which are given by way 
of illustration only, and thus are not to be considered as 
limiting the present invention. 

Further scope of applicability of the present inven- 
tion will become apparent from the detailed description 
given hereinafter. However, it should be understood that 
the detailed description and specific examples, while in- 
dicating preferred embodiments of the invention, are 
given by way of illustration only, since various changes 
and modifications within the scope of the invention will 
become apparent to those skilled in the art from this de- 
tailed description. 

Examples of embodiments of the present invention 
will now be described with reference to the drawings, in 
which: - 

Figs. 1A, 1B, 1C, 1Dand 1E are perspective views 
of crystal morphologies of diamond; 
Fig. 2 is a perspective view showing an embodiment 
of a diamond member; 

Figs. 3A, 38, 3C, 3D, and 3E are perspective views 
showing respective parts of a process of making the 
diamond member; 

Fig. 4 is a sectional view of a microwave CVD ap- 
paratus; 

Fig. 5A and 5B are perspective views respectively 
showing other embodiments of the diamond mem- 
ber; 

Fig. 6 is a perspective view showing another em- 
bodiment of the diamond member; 
Fig. 7 is a perspective view showing another em- 
bodiment of the diamond member; 
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Fig. 8 is a perspective view showing the diamond 
member in detail; 

Figs. 9A, 9B, 9C, and 9D are sectional views show- 
ing respective parts of another process of making 
5 the diamond member; 

Fig. 10 is a sectional view schematically showing 
an embodiment of an electronic device; 
Fig. 11 is a sectional view showing a configuration 
of a display; 

io Fig. 12 is a sectional view of a reflection high energy 
electron diffraction (RHEED) apparatus; 
Fig. 1 3 is an electron micrograph of a seed projec- 
tion; 

Fig. 1 4 is an electron micrograph of diamond pro- 
fs trusions; 

Fig. 15 is an electron micrograph of a tip portion of 
the diamond protrusion; 

Fig. 16 is an electron micrograph of a diamond pro- 
trusion; 

20 Fig. 17 is an electron micrograph of a diamond pro- 
trusion; and 

Fig. 18 is an electron micrograph of a diamond pro- 
trusion. 

25 DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

In the following, preferred embodiments of the 
present invention will be explained in detail with reter- 
30 ence to the accompanying drawings. Among the draw- 
ings, parts identical or equivalent to each other will be 
referred to with numerals or letters identical to each oth- 
er. 

Fig. 2 is a perspective view of a part (basic unit por- 
35 tion) of a diamond member 10. The depicted diamond 
member 10 comprises a matrix or substrate 11 whose 
surface is a {100} face of lb type single-crystal diamond 
having a high crystallizability, and a protruded portion 
integrally formed on the surface of the substrate 11 by 
40 diamond having no grain boundary, i.e., diamond pro- 
trusion 12. 

Diamond belongs to the cubic system. Consequent- 
ly, the protruded portion 12 integrally formed with the 
substrate 11 whose surface is a {100} face of diamond 

45 has a crystal morphology surrounded by {11 1 } faces of 
diamond. In this case, the protruded portion 12 is point- 
ed in the direction of crystal orientation <100>. This 
<100> direction is perpendicular to the diamond {100} 
face. Accordingly, the protruded portion 12 is perpendic- 

50 ularly pointed with respect to the surface of the substrate 
11 and is integrally formed therewith. 

The leading edge part of the protruded portion 12 
ideally has only one carbon atom. Consequently, the 
pointing has reached its limit at a microscopic atomic 

55 level as being observed by an electron microscope or 
the like, and the radius of curvature is small. 

Also, the protruded portion is surrounded by its in- 
herent crystal faces governed by the symmetric property 
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of the crystal structure of diamond, thereby exhibiting 
so-called automorphism. In this case, electric and me- 
chanic characteristics and the like of the protruded por- 
tion 1 2 are those inherent in the single-crystal diamond. 
Also, the surface of the protruded portion 1 2 is very sta- $ 
ble in terms of energy. Thus, the diamond member 10 
with a uniform quality can be easily obtained. 

In particular, in this embodiment, since the sub- 
strate is made of lb type single-crystal diamond, this 
substrate and the protruded portion match each other io 
in terms of lattice at their interface, whereby crystal de- 
fects are hard to be introduced into the protruded por- 
tion. As a result, the diamond member exhibits an ex- 
cellent quality. 

Nonetheless, the matrix should not be restricted to is 
that made of lb type single-crystal diamond. Effects sim- 
ilar to those of lb type single-crystal diamond are also 
obtained when the matrix is made of a natural type dia- 
mond single crystal, since it has a high crystallizability. 
Also, when a single-crystal diamond film hetero-epitax- 20 
ially grown on a substrate of Cu, c-BN, or the like, or a 
polycrystal diamond film whose crystal face has a high 
orientation characteristic is used as the matrix in view 
of economy, notwithstanding poor crystallizability, a 
useful protruded portion can be formed. 25 

In the following, the method of making a diamond 
member in accordance with an embodiment of the 
present invention will be explained. Figs. 3A to 3E are 
perspective views showing respective parts of a process 
of making a diamond member 20 in which basic unit por- 30 
tions each shown in Fig. 2 are arranged two-dimension- 
ally. 

Initially prepared is a substrate 21 made of lb type 
single-crystal diamond whose surface is a {100} face 
(Fig. 3A). Then, a resist layer 22 is formed on the sub- 35 
strate 21 , and a photomask 23 for forming a desired pat- 
tern, i.e., a two-dimensional dot pattern having a pitch 
width of 1 to 500 jam, is disposed thereon. Thereafter, 
photolithography technique is used for forming the 
above-mentioned pattern on the resist layer 22 (Fig. 40 
3B). Then, etching technique is used for forming mask 
layers 24 corresponding to the pattern of the resist layer 
22 (Fig. 3C). 

Subsequently, reactive ion etching (RIE) technique 
is used for dry-etching the substrate 21 (Fig. 3D), there- 45 
by integrally forming cylindrical bulged portions (seed 
projection) 25. In order for protruded portions 26 of the 
diamond member 20 to be formed as being pointed, it 
is preferred that each bulged portion be formed into sub- 
stantially a circular cylinder having a height of 1 to 100 so 
u.m and a diameter of 0.5 to 1 0 um 

Namely, the diameter of each opening formed in the 
mask is slightly larger than 0.5 to 10 um, and etching is 
effected till the height of each bulged portion 25 be- 
comes 1 to 1 00 pirn. When the height of the bulged por- ss 
tion 25 is too much, abnormal growth may occur from 
its side face; whereas, when the diameter of the bulged 
portion 25 is too much, it may take a very long time for 



pointing the protruded portion 26. Consequently, in the 
case where the surface is a {110} face, for example, the 
automorphism of {110} face may not appear at the pro- 
truded portion 26, thereby disadvantageous^ roughen- 
ing the substrate. When the bulged portion has the 
above-mentioned size, by contrast, without generating 
abnormal growth, the time required for pointing the pro- 
truded portion 26 can be reduced, whereby the protrud- 
ed portion 26 can be favorably pointed. In particular, 
when the bulged portion 25 is formed like substantially 
a circular cylinder having a height of 2 to 10 u,m and a 
diameter of 0.5 to 10 u,m, the protruded portion 26 can 
be pointed more prominently, so as to be efficiently ap- 
plicable to the electronic device explained later. That is, 
the diameter of each opening formed in the mask is 
slightly larger than 0.5 to 10 jam, and etching is per- 
formed till the height of each bulged portion 25 becomes 
2 to 10 ujti. 

Here, the RIE technique is used because not only 
the protruded portion can be easily formed thereby but 
also the part other than the protruded portion can be 
smoothly etched thereby. It is due to the fact that this 
technique is advantageous in that it can easily dig the 
mask layer 24 perpendicularly. As a result, the differ- 
ence between the bulged portion of the matrix and the 
other portion can appear clearly. Here, the reactive gas 
used in the RIE technique is preferably a gas consisting 
of O a alone or a mixed gas comprising at least CF 4 and 
0 2 . While the volume ratio in the mixed gas is deter- 
mined in view of the etching rate and the smoothness 
of the matrix surface, a desired matrix surface can be 
relatively easily obtained when the ratio of volume frac- 
tion of CF 4 to the volume fraction of 0 2 is greater than 
0 but not greater than 0.5. 

Then, by using each bulged portion 25 on the sub- 
strate 21 as a nucleus for vapor-phase growth of dia- 
mond, microwave CVD technique is used for epitaxial ly 
growing diamond (Fig. 3E). 

Fig. 4 is a view schematically showing a microwave 
CVD apparatus 30 for performing this microwave CVD 
technique. The microwave CVD apparatus 30 has a re- 
action chamber 31 which is made of a silica tube in order 
to pass microwaves therethrough. A waveguide tube 32 
is disposed so as to intersect with the reaction chamber 
31 . Disposed on one end side of the waveguide tube 32 
is a microwave generating section comprising a micro- 
wave power supply 33, which generates microwaves 
according to oscillation of a magnetron, and a non-de- 
picted isolator for passing microwaves therethrough on- 
ly along one direction. A three-pillar matching device 34 
is disposed between the microwave generating section 
and the reaction chamber 31 , whereas a short-circuiting 
plunger matching device 35 is disposed on the other end 
side of the waveguide tube 32, whereby impedance is 
adjusted so as to minimize reflection electric power of 
microwaves. A substrate holder 36 is disposed at a po- 
sition where the reaction chamber 31 and the 
waveguide tube 32 intersect with each other, whereas 
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the substrate 21 is mounted on the substrate holder 36. 
The upper part ot the reaction chamber 31 is provided 
with a supply port 37 for supplying the reaction gas, 
whereas the lower part of the reaction chamber 31 is 
provided with an exhaust port 38 for evacuating the re- 
action chamber 31 by means of a rotary pump or the like. 

In order to use such microwave CVD apparatus 30 
to epitaxially grow diamond on the substrate 21 on which 
the bulged portion 25 for the nucleus of growth is 
formed, the substrate 21 is initially mounted on the sub- 
strate holder 36. Then, the reaction chamber 31 is evac- 
uated by the rotary pump to a predetermined pressure. 
Thereafter, a material gas is introduced from the supply 
port 37 at an appropriate flow rate, and the pressure 
within the reaction chamber 31 is held at a predeter- 
mined level. In order to improve the field-emission char- 
acteristic of the protruded portion 26 : the material gas 
preferably includes a gas containing a group V element 
such as nitrogen (N) or phosphorus (P). 

Subsequently, the microwave power supply 33 is 
turned on, so as to excite the material gas, thereby gen- 
erating plasma as indicated by the dotted circle in Fig. 
4. Here, the electric power applied to the microwave 
power supply 33 is appropriately adjusted so as to set 
the temperature of the substrate 21 to a predetermined 
level. The temperature of the substrate 21 is determined 
by a pyrometer (not depicted) from above the reaction 
chamber 31 . When crystals are grown in such a state 
for a predetermined period of time, the ratio of the 
growth rate of diamond in <100> direction to that in 
<111> direction becomes V3 or greater, whereby the 
protruded portion 26 having a crystal morphology sur- 
rounded by {1 1 1 } faces of diamond can be formed at the 
position of each bulged portion 25 as shown in Fig. 3E. 

Since the nucleus of crystal growth is thus intention- 
ally disposed as the bulged portion 25 on the substrate 
21 , the position at which the protruded portion 26 is to 
be integrally formed on the surface of the substrate 21 
can be definitely determined, whereby the diamond 
member 20 can be made easily. 

When the growth rate ratio is smaller than V3, the 
protruded portion is less likely to be pointed. Also, the 
growth rate ratio value of V3 assumes the case where 
crystal growth advances from one carbon atom. Accord- 
ingly, in the case where crystal growth advances from a 
substrate surface made of a number of carbon atoms, 
depending on the surface state of the substrate, dia- 
mond may forever fail to be pointed, thereby allowing its 
crystal to grow while keeping the shape of the substrate 
surface. Therefore, the growth rate ratio is set to V3 or 
greater. 

Though a preferred embodiment of the diamond 
member in accordance with the present invention is ex- 
plained in the foregoing, the present invention should 
not be restricted thereto. 

Figs. 5A and 5B are perspective views respectively 
showing other embodiments of the diamond member in 
accordance with the present invention. Unlike the dia- 
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mond member 1 0 of the above-mentioned embodiment, 
the diamond member 1 0a shown in Fig. 5A has a matrix 
or substrate 11a whose surface is a {110} face of dia- 
mond. Also, its protruded portion 12a exhibiting auto- 
5 morphism on the surface has a crystal morphology sur- 
rounded by {111} and {100} faces of diamond, unlike the 
protrusion 12 having a crystal morphology surrounded 
by {1 11 } faces. In this case, the protruded portion 1 2a is 
pointed in the direction of crystal orientation <110>. The 
10 <1 1 0> direction is perpendicular to the {110} face of dia- 
mond. Accordingly, as with the protruded portion 12 of 
the above-mentioned embodiment, the protruded por- 
tion 12a is pointed perpendicularly to the surface of the 
substrate 11a and is integrally formed therewith. 
is The method of making the diamond member 10a 
shown in Fig. 5A is substantially the same as that of 
. making the above-mentioned diamond member 20 but 
differs therefrom in that the surface of the substrate lla 
to be prepared is a {110} face of diamond. Further, the 
20 composition of the material gas used for epitaxially 
growing diamond at the bulged portion, temperature of 
the substrate 11a, and the like are respectively different 
from the composition of the material gas, temperature 
of the substrate 21 , and the like for performing the meth- 
25 od of making the diamond member 20. It is due to the 
fact that, when the protruded portion 1 2a of the diamond 
member 10a is to be formed, the ratio of the growth rate 
of diamond in <100> direction to that in <11 1 > direction 
is set to ( V3)/2 so as to yield a desired diamond member. 
30 Unlike the diamond members 10 and 10a respec- 
tively shown in Figs. 2 and 5A, the diamond member 
1 0b shown in Fig. 5B comprises a substrate 1 0b whose 
surface is a {111} face of diamond. Also, its protruded 
portion 1 2b exhibiting automorphism on the surface has 
35 a crystal morphology surrounded by (100) faces of dia- 
mond, unlike the protrusions 12 and 12a shown in Figs. 
2 and 5 A having crystal morphologies surrounded by 
{111} faces and {111} and {100} faces, respectively. In 
this case, the protruded portion 12b is pointed in the di- 
40 rection of crystal orientation <1 1 1 >. The <1 1 1 > direction 
is perpendicular to the {111} face of diamond. Accord- 
ingly, as with the above-mentioned protruded portions 
12 and 12a, the protruded portion 12b is pointed per- 
pendicularly to the surface of the substrate 11b and is 
45 integrally formed therewith. 

The method of making the diamond member 10b 
shown in Fig. 5B is substantially the same as those of 
making the above-mentioned diamond members 20 and 
10a but differs therefrom in that the surface of the sub- 
so strate 11b to be prepared is a {111} face of diamond. 
Further, the composition of the material gas used for epi- 
taxially growing diamond at the bulged portion, temper- 
ature of the substrate 11b, and the like are respectively 
different from the composition of the material gas, tem- 
55 perature of the substrate 21 or 11 a, and the like for per- 
forming the method of making the diamond member 20 
or 1 0a. It is due to the fact that, when the protruded por- 
tion 12b of the diamond member 10b is to be formed, 
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the ratio of the growth rate of diamond in <100> direction 
to that in <111> direction is set to 1/V3 or less so as to 
yield a desired diamond member. 

Here, when the growth rate ratio is greater than 
1A/3, the protruded portion is less likely to be pointed. 
Also, the growth rate ratio value of 1/V3 assumes the 
case where crystal growth advances from one carbon 
atom. Accordingly, in the case where crystal growth ad- 
vances from a substrate surface made of a number of 
carbon atoms, depending on the surface state of the 
substrate, diamond may forever fail to be pointed, there- 
by allowing its crystal to grow while keeping the shape 
of the substrate surface. Therefore, the growth rate ratio 
is set to 1/V3or less. 

Fig. 6 is a perspective view ol a diamond member 
obtained when making of the diamond member shown 
in Figs. 2, 5A, or 5B is left unfinished. This diamond 
member has a quadrangular pyramid portion 12, 12a, 
or 1 2b with an exposed tip part disposed on the diamond 
substrate 1 1 , 1 1 a, or 1 1 b. Such a diamond member can 
also function as a favorable electron-emitting element. 

Fig. 7 is a perspective view of a diamond member 
obtained when, upon forming the bulged portion 25 in 
the making of the diamond member shown in Fig. 2 or 
5A, the shape of the bulged portion 25 is slightly de- 
formed from a circular cylinder, e.g., to an elliptic cylin- 
der. The diamond protrusion 12 or 12a of this diamond 
member has a form surrounded by a first ridge line R1 
in parallel to the surface of the substrate 11 or 11a, sec- 
ond and third ridge lines R2 and R3 extending so as to 
spread from one end of the first ridge line Rl toward the 
substrate surface, and fourth and fifth ridge lines R4 and 
R5 extending so as to spread from the other end of the 
first ridge line Rl toward the surface of the substrate. 
Such a diamond member can also function as a favora- 
ble electron-emitting element. 

In the case where a diamond protrusion is grown on 
a (100) diamond substrate surface, its form is substan- 
tially a quadrangular pyramid portion as shown in Fig. 2 
but not accurately a quadrangular pyramid portion in 
practice. 

Fig. 8 is a perspective view showing the form of an 
actual diamond protrusion 12. This diamond protrusion 
12 comprises a quadrangular pyramid portion 12U with 
an exposed tip part and a truncated quadrangular pyr- 
amid portion 1 2L whose upper and bottom surfaces are 
respectively continuous with the bottom surface of the 
quadrangular pyramid portion 12U and the surface of a 
diamond substrate 11 . The angle A formed between a 
side ridge line 12R L of the truncated quadrangular pyr- 
amid portion 12L and the surface of the diamond sub- 
strate 11 is smaller than the angle B formed between a 
side ridge line 1 2Ru of the quadrangular pyramid portion 
12U and the surface of the diamond substrate 11 . Spe- 
cifically, assuming that the angle formed between one 
diagonal DL of the quadrangle constituting the bottom 
surface of the truncated quadrangular pyramid portion 
12L and the side ridge line 12R L of the truncated quad- 



rangular pyramid portion 12L intersecting with the diag- 
onal DL is A, and that the angle formed between the 
diagonal DL and the side ridge line 12R y of the quad- 
rangular pyramid portion 12U whose one end is contin- 

5 uous with the side ridge line 1 2R L is B, 

both angles A and B are acute angles, while the angle 
A is smaller than the angle B. 

The method of making the diamond member in ac- 
cordance with the present invention should not be re- 

io stricted to the above-mentioned embodiment. For ex- 
ample, the process of forming the bulged portion on the 
substrate is not restricted to that mentioned above and 
can be in conformity to that shown in Figs. 9A to 9D. 
First, a predetermined substrate 21 is prepared (Fig. 

75 9A). Subsequently, after a mask 27 formed with a de- 
sired pattern is disposed on the substrate 21 , a metal is 
deposited on the part of the substrate 21 other than the 
part where bulged portions 25 are to be made, thereby 
forming a mask layer 28 (Fig. 9B). Then, with the mask 

20 27 removed, diamond is epitaxially grown on the sub- 
strate 21, thereby forming the bulged portions 25 (Fig. 
9C). Here, due to the above-mentioned reason, the di- 
ameter of each opening formed in the mask 27 is slightly 
greater than 0.5 to 1 0 u.m, and etching is effected till the 

2S bulged portion 25 attains a height of 1 to 1 00 ujti or pref- 
erably 2 to 10 um Thereafter, the substrate 21 is 
washed with an acidic solution so as to eliminate the 
mask layer 28, thereby forming the bulged portions 25 
alone on the substrate 21 (Fig. 9D). In this case, since 

30 no etching by RIE technique is performed, it is prefera- 
ble that the surface of the substrate 21 be polished be- 
forehand to enhance its smoothness. 

In the following, the electronic device in accordance 
with an embodiment of the present invention will be ex- 

35 plained. 

Fig. 1 0 is a schematic sectional view of an electronic 
device 40 to which an embodiment of the present inven- 
tion is applied. The depicted electronic device 40, which 
is adapted to function as a field-emission element, com- 
40 prises a field-emission type electron-emitting element 
41 made of a diamond member 10 configured in accord- 
ance with an embodiment of the present invention and 
a control electrode 42; The field-emission type electron - 
emitting element 41 is mounted on an insulating table 
45 44 which is placed at the tower part within a vacuum 
. envelope 43. In the upper part within the vacuum enve- 
lope 43, the control electrode 42 is disposed so as to 
oppose the field-emission type electron -emitting ele- 
ment 41 while being separated therefrom. 
so in this configuration, the control electrode 42 is set 
to a predetermined positive voltage with reference to the 
field-emission type electron-emitting element 41 . Con- 
sequently, each protruded portion 12 of the diamond 
member 10 constituting the field-emission type electron- 
's emitting element 41 functions as a minute electrode, 
whereby an electron (e~) is drawn from the protruded 
portion 12. The field-emission current of each minute 
electrode exponentially changes relative to the field in- 
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tensity according to Fowler-Nordheim expression. 

Consequently, the protruded portion 12 having a 
small radius of curvature is quite advantageous to field 
emission. Also, since the substrate 1 1 and the protruded 
portion 12 are integrated with each other, no interface 
is formed therebetween, whereby there is no fear of the 
field-emission characteristic being undesirably influ- 
enced by contact resistance or the like. 

Accordingly, when a voltage is applied between the 
field-emission type electron-emitting element 41 and the 
control electrode 42 even at a low level, electrons can 
be emitted in a greater number- than those convention- 
ally emitted, whereby a power-saving type electronic de- 
vice can be realized. 

Fig. 11 shows a display equipped with the electron- 
emitting element 20. This display comprises a vacuum 
envelope VE within which the electron -emitting element 
20 is disposed, and an electron -drawing electrode EL 
disposed within the vacuum envelope VE so that a volt- 
age is applied between the electron-drawing electrode 
EL and the electron-emitting element 20. The electron- 
drawing electrode EL is placed at a position opposing 
each protrusion 26 of the electron-emitting element 20, 
while a phosphor PE adapted to emit light in response 
to the electron incident thereon is disposed on the elec- 
tron-drawing electrode EL Three primary color filters R, 
G, and B made of respective colored resins are formed 
on the discrete regions of phosphors PE, while being 
separated from each other by a black mask BM. A sur- 
face region 26' of each protrusion 26 is doped with im- 
purities such as As, B, N, and P. When a voltage is ap- 
plied between a specific diamond protrusion 26 of the 
electron-emitting element 20 and its corresponding 
electrode EL, an electron is emitted from the protrusion 
26 so as to impinge on the phosphor PE. When the 
phosphor PE emits light in response to the electron in- 
cident thereon, thus emitted light passes through its cor- 
responding one of color filters R, G, and B. By switching 
the electrodes EL to which electrons are emitted, light 
beams from the discrete color filters R, G, and B can be 
controlled independently from each other. These color 
filters R, G, and B constitute pixels. 

Fig. 12 shows a reflection high energy electron dif- 
fraction (RHEED) apparatus. A voltage of several ten 
kV is applied between the electron-emitting element 20 
and a drawing electrode EL', and the orbit of the emitted 
electron is adjusted by an electromagnet MG so as to 
impinge on a sample SM. The electron beam reflected 
by the surface of the sample SM impinges on a phos- 
phor plate PL 1 , whereby a diffraction image is displayed 
thereon. The electron-emitting element 20, electron- 
drawing electrode EL', sample SM, and phosphor plate 
PL' are disposed within a tube which is a vacuum enve- 
lope VE'. The vacuum envelope is evacuated by a pump 
PM. 



Example 1 



The above-mentioned electron-emitting element 
was made. A substrate made of lb type single-crystal 
5 diamond whose surface was a {1 00} face had been pre- 
pared beforehand by high-temperature high-pressure 
synthesis. A resist layer was formed on the substrate, 
and a photomask was placed thereon. Then, a prede- 
termined pattern was formed on the resist layer by pho- 
io tolithography technique. Thereafter, a mask layer corre- 
sponding to the pattern of the resist layer was formed 
by etching technique. In this example, a plurality of mask 
layers each shaped like a disc having a diameter of 
about 8 urn were formed as being arranged in square 
is lattices with a pitch width ol 28 um 

Subsequently, this substrate was dry-etched by re- 
active ion etching technique. Here, a mixed gas com- 
posed of CF 4 with a molar fraction of 20% and 0 2 with 
a molar fraction of 80% was used as the reactive gas, 
20 whereby cylindrical bulged portions each having a 
height of 3 to 4 u.m and a diameter of 3 jim were inte- 
grally formed on the substrate. Thereafter, the mask lay- 
ers were eliminated. Fig. 13 is an electron micrograph 
of one bulged portion. 
25 Then, the substrate was mounted on the substrate 
holder of a microwave CVD apparatus, and its reaction 
chamber was evacuated to a predetermined pressure 
by a rotary pump. Subsequently, as a material gas, a 
mixed gas composed of methane gas and hydrogen 
30 with a molar ratio of [methane]/[hydrogen] at 6% to 7% 
was introduced from the supply port at 213 seem, and 
the pressure within the reaction chamber was held at 
about 140 Torr. Then, the microwave power supply was 
turned on so as to introduce microwaves into the reac- 
ts tion chamber, thereby exciting the material gas and gen- 
erating plasma. Here, the electric power applied to the 
microwave power supply was appropriately adjusted 
such that the substrate temperature becomes 940° to 
960° C. When crystal growth was effected for about an 
40 hour in this state, a protruded portion having a crystal 
morphology surrounded by {111} faces was integrally 
formed on the substrate. As a result, the ratio of the 
growth rate in <100> direction to that in <111 > direction 
under this experimental condition was found to be V3 or 
45 greater, thus yielding a desired diamond member. 

Example 2 

Prepared as the substrate was lb type single -crystal 
so diamond whose surface is a {1 10} face. As with Example 
1 , the single-crystal diamond was made by high-temper- 
ature high-pressure synthesis. In a method similar to 
that of Example 1, cylindrical bulged portions were 
formed on the substrate, and then the microwave CVD 
55 apparatus identical to that of Example 1 was used for 
epitaxially growing diamond on the substrate. Here, as 
a material gas, a mixed gas composed of methane and 
hydrogen with a molar ratio of [methane)/[hydrogen] at 
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0.03 was introduced from the supply port at 206 seem, 
and the pressure within the reaction chamber was held 
at about 140 Torn Further, the substrate temperature 
was set to 1 ,040° to 1 ,060°C. When crystal growth was 
effected for about an hour in this state, a protruded por- 
tion having a crystal morphology surrounded by (111) 
and {100} faces was integrally formed on the substrate. 
As a result, the ratio of the growth rate in <1 00> direction 
to that in <111> direction under this experimental con- 
dition was found to be (V3)/2 (= 0.87), thus yielding a 
desired diamond member. 

Example 3 

Conditions of Example 3 were the same as those 
of Example 1 except that, in the crystal growing process, 
as a material gas, a mixed gas composed of methane 
gas and hydrogen with a molar ratio of [methane]/[hy- 
drogen] at 10% was introduced at 110 seem, the pres- 
sure within the reaction chamber was about 140 Torr, 
the substrate temperature was 1 ,000°C, and the crystal 
growth time was an hour. Fig. 14 is an electron micro- 
graph of thus formed diamond protrusions. This photo- 
graph shows a plurality of diamond protrusions. Fig. 1 5 
is an electron micrograph of the tip portion of a diamond 
protrusion formed by such a method. The radius of cur- 
vature of the tip portion of the diamond protrusion 
formed by this method is on the order of several nm, 
thus being much smaller than that of the diamond pro- 
trusion formed by etching. 

Example 4 

Conditions of Example 4 were the same as those 
of Example 3 except that the crystal growth time was 50 
minutes in the crystal growing process. Fig. 16 is an 
electron micrograph of the tip portion of a diamond pro- 
trusion formed by such a method, in which the tip portion 
has been made flat. 

Example 5 

Conditions of Example 5 were the same as those 
of Example 3 except that the crystal growth time was 40 
minutes in the crystal growing process-. Fig. 17 is an 
electron micrograph of the tip portion of a diamond pro- 
trusion formed by such a method, in which ridge lines 
remain in the tip portion. Here, even at the same crystal 
growth time, depending on fluctuations in size among 
bulged portions, there may be a case where the dia- 
mond protrusion shaped as shown in Fig. 1 4 is obtained. 

Example 6 

Conditions of Example 6 were the same as those 
of Example 2 except that a substrate made of lb type 
single-crystal diamond whose surface was a {110} face 
was etched in the crystal growing process so as to form 



bulged portions and that, in its crystal growing process, 
as a material gas, a mixed gas composed of methane 
gas and hydrogen with a molar ratio of [methane]/[hy- 
drogen] at 3% was introduced at 206 seem, the pressure 

5 within the reaction chamber was about 1 40 Torr, the sub- 
strate temperature was 1 ,050°C, and the crystal growth 
time was an hour. Fig. 18 is an electron micrograph of 
the tip portion of a diamond protrusion formed by such 
a method, in which ridge lines remain in the tip portion. 

10 Though the method of making a diamond member 
in accordance with the present invention is explained in 
the foregoing with reference to preferred embodiments 
and examples, the present invention should not be re- 
stricted thereto. The diamond member shown in Fig. 5B 

15 can also be obtained when the composition and flow 
rate of the material gas, pressure within the reaction 
chamber, temperature of the substrate, and the like are 
appropriately set. 

In the above-mentioned diamond member, the pro- 

20 truded portion exhibiting automorphism on its surface is 
integrally formed on the substrate at a predetermined 
position. In this case, the protruded portion is pointed at 
an atomic level and has various characteristics inherent 
in a diamond single crystal. Also, the surface of the pro- 

25 truded portion is stable in terms of energy. Accordingly, 
a diamond member with a uniform quality can be ob- 
tained easily. 

Also, in accordance with the above-mentioned 
method of making a diamond member, as the nucleus 

30 of crystal growth is intentionally disposed as the bulged 
portion on the substrate, the position at which the pro- 
truded portion is to be integrally formed on the surface 
of the substrate can be definitely determined. As a re- 
sult, the diamond member can be made easily. 

35 The electronic device in accordance with embodi- 
ments of the present invention, which takes account of 
the fact that the protruded portion pointed at an atomic 
level is quite advantageous to field emission, is expect- 
ed to be applicable to display devices such as FED, 

40 whereby electric power can be saved. 

The electronic device is not only applicable to the 
FED. For example, it is also applicable to an electron 
gun for a scanning electron microscope (SEM) or elec- 
tron diffraction, electron source for a field-emission mi- 

45 croscope (FEM), rectifying device, current amplifying 
device, voltage amplifying device, high-frequency 
switch for power amplifying device, sensor, or the like. 

Modifications to the embodiments of the invention 
described herein will be apparent to those skilled in the 

50 art. 



Claims 

55 1 . An electron-emitting element comprising a diamond 
substrate, and a diamond protrusion grown on a 
surface of said diamond substrate so as to have a 
pointed portion in a form capable of emitting an 
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electron. 



2. An electron-emitting element according to claim 1 , 
herein said surface ot said diamond substrate is 
a {100} face, said diamond protrusion being sur- 
rounded by {111} faces. 

3. An electron-emitting element according to claim 1 , 
wherein said surface of said diamond substrate is 
a {110} face, said diamond protrusion being sur- 
rounded by {111} and {100} faces. 

4. An electron-emitting element according to claim 1 , 
wherein said surface of said diamond substrate is 
a {111} face, said diamond protrusion being sur- 
rounded by {100} faces. 

5. An electron-emitting element according to claim 1 , 
wherein said diamond protrusion has a quadrangu- 
lar pyramid portion exposing a tip part thereof. 

6. An electron-emitting element according to claim 5, 
wherein said diamond protrusion has a truncated 
quadrangular pyramid portion whose upper and 
bottom surfaces are respectively continuous with 
the bottom surface of said quadrangular pyramid 
portion and said surface of said diamond substrate, 
an angle formed between a side ridge line of said 
truncated quadrangular pyramid portion and said 
surface of said diamond substrate being smaller 
than an angle formed between a side ridge line of 
said quadrangular pyramid portion and said surface 
of said diamond substrate. 

j A n electron-emitting element according to claim 1 , 
wherein said diamond protrusion has a truncated 
quadrangular pyramid portion exposing an upper 
surface thereof. 

8. An electron-emitting element according to claim 1 , 
wherein said diamond protrusion has a form sur- 
rounded by a first ridge line in parallel to said sur- 
face, second and third ridge lines extending so as 
to spread from one end of said first ridge line toward 
said surface, and fourth and fifth ridge lines extend- 
ing so as to spread from the other end of said first 
ridge line toward said surface. 

9. An electron-emitting element according to claim 1 , 
wherein said substrate is made of single-crystal dia- 
mond. 

10. A method of making the electron-emitting element 
of any preceding claim, said method comprising the 
steps of: 

(a) preparing said diamond substrate; 

(b) forming a seed projection on a surface of 
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said diamond substrate by diamond; and 

(c) forming a diamond protrusion by epitaxially 

growing diamond at said seed projection. 

11. A method of making the electron-emitting element 
according to claim 10, wherein said step (b) com- 
prises the steps of: 

forming a mask on a part of said surface of said 
diamond substrate where said seed projection 
is to be formed; 

etching a part of said surface of said diamond 
substrate where said mask is not formed; and 
removing said mask after said etching. 

12. A method of making the electron-emitting element 
according to claim 10, wherein said step (b) com- 
prises the steps of: 

forming a mask so as to expose only a part of 
said surface of said substrate where said seed 
projection is to be formed, 
epitaxially growing diamond by vapor-phase 
synthesis at the part of said surface ol said dia- 
mond substrate where said seed projection is 
to be formed, and 

removing said mask after said epitaxial growth. 

13. A method of making the electron-emitting element 
according to claim 11 or 1 2, wherein said mask has 
an opening within which said seed projection is to 
be formed, said opening having such a diameter 
that said seed projection has a diameter of 0.5 to 
10 um 

14. A method of making the electron-emitting element 
according to claim 11, wherein said etching is per- 
formed till said seed projection has a height of 1 to 
100 um 

15. A method of making the electron-emitting element 
according to claim 11 , wherein said etching is per- 
formed till said seed projection has a height of 2 to 
tOjim. 

16. A method of making the electron-emitting element 
according to claim 1 2, wherein said epitaxial growth 
is performed till said seed projection has a height of 
1 to 100 um. 



50 



55 



17. A method of making the electron-emitting element 
according to claim 1 2, wherein said epitaxial growth 
is performed till said seed projection has a height of 
2 to 10 vim. 

18. An electronic device comprising a vacuum enve- 
lope within which the electron-emitting element of 
any one of Claims 1 to 9 is disposed, and an elec- 
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tron-drawing electrode disposed within said vacu- 
um envelope, a voltage being applicable between 
said electron-drawing electrode and said electron- 
emitting element. 
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